The presynaptic protein ␣-synuclein, implicated in Parkinson disease (PD), binds phospholipids and has a role in brain fatty acid (FA) metabolism. In mice lacking ␣-synuclein (Snca ؊/؊ ), total brain steady-state mass of the mitochondria-specific phospholipid, cardiolipin, is reduced 22% and its acyl side chains show a 51% increase in saturated FAs and a 25% reduction in essential n-6, but not n-3, polyunsaturated FAs. Additionally, 23% reduction in phosphatidylglycerol content, the immediate biosynthetic precursor of cardiolipin, was observed without alterations in the content of other brain phospholipids. Consistent with these changes, more ordered lipid head group and acyl chain packing with enhanced rotational motion of diphenylhexatriene (DPH) about its long axis were demonstrated in time-resolved DPH fluorescence lifetime experiments. These abnormalities in mitochondrial membrane properties were associated with a 15% reduction in linked complex I/III activity of the electron transport chain, without reductions in mitochondrial number, complex II/III activity, or individual complex I, II, III, or IV activity. Reduced complex I activity is thought to be a critical factor in the development of PD. Thus, altered membrane composition and structure and impaired complex I/III function in Snca ؊/؊ brain suggest a relationship between ␣-synuclein's role in brain lipid metabolism, mitochondrial function, and PD.
␣-Synuclein is a 140-amino-acid protein of unknown function that is most highly expressed in the central nervous system (CNS) and is particularly enriched in presynaptic nerve terminals. Mutation or overexpression of the human ␣-synuclein gene (Snca) causes early-onset autosomal dominant Parkinson disease (PD). The ␣-synuclein protein is a major component of Lewy bodies, the cytoplasmic protein aggregates pathognomonic for PD, as well as the protein aggregates seen in axons and dendrites of PD patients, referred to as Lewy neurites (as reviewed in reference 17). However, the mechanisms by which an abnormality in structure or expression of ␣-synuclein causes PD have not been elucidated, nor is it known if these pathognomonic aggregates play a toxic, protective, or coincidental role in the pathogenesis of the disease.
Although natively unfolded in solution, the ␣-synuclein protein has an amino-terminal domain containing seven 11-amino-acid repeat motifs similar to class A2 exchangeable apolipoproteins and, also like these apolipoproteins, adopts an amphipathic ␣-helical structure when it binds acidic phospholipid-containing membranes (as reviewed in reference 11). Class A2 apolipoproteins function by transient association and transport of lipid in the bloodstream, by regulating various lipid metabolic enzymes, and are thought to stabilize lipid membranes (as reviewed in reference 64). These structural similarities suggest that ␣-synuclein could serve as an intracellular functional equivalent of apolipoproteins in the brain and so similarly may function in binding and intracellular transport of lipids, stabilizing membranes, and regulating lipid metabolism. Results to support this hypothesis include the observations that ␣-synuclein alters both phospholipase C and D activities in vitro, while its inhibitory effect on phospholipase D may be regulated by ␣-synuclein phosphorylation (31, 49, 52) . Additionally, ␣-synuclein binds to phospholipid vesicles containing stored triglycerides in cultured cells and protects them from hydrolysis (12) , suggesting that ␣-synuclein may have a role in stabilizing lipid membrane. Possible involvement of ␣-synuclein in lipid metabolism was also suggested by experiments demonstrating that ␣-synuclein may have fatty acid (FA) binding activity and that Snca Ϫ/Ϫ mice have decreased cytosolic polyunsaturated FA (PUFA) content, while ␣-synuclein overexpression in cultured neurons results in increased PUFA content (68, 69) . Furthermore, PUFA and saturated FA (SFA) uptake kinetics and their incorporation into phospholipids are reduced in astrocytes cultured from Snca Ϫ/Ϫ mice, while SFA uptake into the brain and incorporation into brain lipids in vivo are reduced in Snca Ϫ/Ϫ mice (8, 25) , also consistent with a function for ␣-synuclein in brain lipid metabolism.
In an attempt to elucidate further the normal function of ␣-synuclein, we and others have reported studies on mice lacking ␣-synuclein and have found that Snca Ϫ/Ϫ mice lack an overt neurological phenotype (1, 7, 10) . Given this relationship between ␣-synuclein, FA uptake and distribution, phospholipid association, and lipid metabolism, we undertook an indepth reexamination of the physiological consequences of loss of Snca function. We found Snca Ϫ/Ϫ mice have reduced total brain cardiolipin content with an altered acyl side chain composition characterized by decreased n-6 PUFAs and increased SFAs without alterations in n-3 PUFA and monounsaturated FA (MUFA) composition. Brain content of other phospholipids was unchanged with the exception of a precursor of cardiolipin, phosphatidylglycerol (PtdGro), which was also reduced. Changes in phospholipid content and composition correlated with more ordered lipid head group and acyl chain packing in nonsynaptic mitochondrial membranes, along with similar changes in synaptosomal membranes. Since cardiolipin is a mitochondria-specific phospholipid required for assembly and function of the electron transport chain (ETC) (51, 67) , we examined ETC function of whole brain lysates and observed a reduction of complex I activity only when measured by linked assay to complex III. Given that abnormalities in complex I have been implicated in the pathogenesis of PD, a physiological connection between ␣-synuclein, mitochondrial lipid composition and structure, and ETC function points to a previously unrecognized, pathogenic pathway that may be involved in this disorder.
MATERIALS AND METHODS
Mice. Age-and sex-matched wild-type (WT) and Snca-ablated inbred 129S6/ SvEv mice (7) aged 3 to 6 months were used in all experiments. The diet contained 5.5% fat, including 2.5% PUFA with an n-6 to n-3 ratio of 4:1. Control Snca ϩ/ϩ and gene-ablated Snca Ϫ/Ϫ mice were derived by crossing littermates of the appropriate genotypes derived from Snca ϩ/Ϫ ϫ Snca ϩ/Ϫ intercrosses. Animals were euthanized according to the guidelines "Public Health Service Policy on Humane Care and Use of Laboratory Animals" approved by the NHGRI Institutional Animal Care and Use Committee or the IACUC at the University of North Dakota (protocol number 0110-1).
Enzyme activity assays. Assays were performed in two laboratories (F. Scaglia and R. L. Nussbaum) with slightly different procedures. In the Scaglia laboratory, homogenates were prepared from liquid N 2 -frozen mouse brain in nine volumes of buffer (150 mM sucrose, 10 mM Tris-HCl [pH 7.45], and 2 mM EDTA) using a motorized Glas-Col homogenizer with Teflon pestle and centrifuged at 700 ϫ g for 20 min, and the supernatant was assayed immediately. A temperaturecontrolled Pharmacia spectrophotometer was used for all assays. Enzyme complexes were assayed in triplicate for five mice per genotype using standard spectrophotometric analyses as follows. Succinate cytochrome c reductase was assayed in buffer (55 mM potassium phosphate [pH 7.4], 3 mM succinate, 0.5 mM KCN, and 0.1 mM cytochrome c) by following the reduction of cytochrome c at 550 nm (34) . Succinate dehydrogenase was assayed in reaction buffer (50 mM potassium phosphate [pH 7], 16 mM succinate, 1.5 mM KCN, and 0.003% 2,6-dichloroindophenol [2,6-DCIP]) by following the reduction of 2,6-DCIP at 600 nm (34) . The reaction was initiated by addition of DCIP. Cytochrome c oxidase was assayed in buffer (9 mM potassium phosphate [pH 7] and 0.1% reduced cytochrome c [prepared with 5% sodium hydroxysulfite]) by monitoring oxidation of cytochrome c at 550 nm (77) . Citrate synthase was assayed at 30°C in buffer (0.1 mM 5,5Ј-dithio-bis-2-nitrobenzoic acid [DTNB], 0.3 mM acetyl coenzyme A [CoA], and 0.5 mM oxaloacetate) and absorbance at 412 nm was monitored (72) . For fumarase assays, homogenates were prepared from mouse brain in nine volumes of buffer (250 mM sucrose, 5 mM Tris-HCl [pH 7.4], and 1 mM EDTA) as outlined above and centrifuged at 600 ϫ g for 10 min, the supernatant was centrifuged at 14,000 ϫ g for 10 min, and the pellet was assayed immediately. The fumarase reaction was initiated with disodium malate and assayed at 30°C in buffer (50 mM sodium phosphate [pH 7.6] and 50 mM disodium malate) by monitoring an increase in absorbance at 240 nm (30) . Enzyme activities were calculated as mol/min/g (wet weight) of brain tissue.
In the Nussbaum laboratory, enzyme assays were performed on a temperaturecontrolled Cary50 UV/Vis spectrophotometer (Varian) using a "crude mitochondrial fraction" isolated from liquid N 2 -frozen mouse brain (36) that was freezethawed three times to allow substrate access to the inner mitochondrial membrane. Protein concentration was determined using the BCA protein assay kit (Pierce) with bovine serum albumin (BSA) as a standard. NADH oxidase and NADH ubiquinone oxidoreductase activities were measured in quadruplicate on four pairs of WT and Snca Ϫ/Ϫ animals. Enzyme activities were measured by determining the decrease in concentration of NADH spectrophotometrically at 340 nm. The NADH oxidase assay was performed in reaction buffer (25 (5, 35) . The reaction was initiated with ϳ50 g of protein, and specific activities were determined from the difference in slopes of the linear portion of assays performed in the absence or presence of 1 M rotenone. NADH cytochrome c reductase activity was assayed in quadruplicate from four pairs of mice with reaction buffer (50 mM potassium phosphate [pH 7.4], 105 M NADH, 2 mM KCN, 1 mM EDTA, and 32 M cytochrome c) by following the reduction of cytochrome c at 550 nm (5, 18) . The reaction was initiated by addition of ϳ40 g of protein. Rotenone-sensitive NADH cytochrome c reductase activity was then calculated. Ubiquinol-cytochrome c reductase was assayed in quadruplicate using three pairs of mice and reaction buffer (25 mM potassium phosphate [pH 7.4], 1 mM EDTA, 1 mM KCN, 16 M cytochrome c, 28 M decyl-ubiquinol, and 0.6 mM dodecylmaltoside) by following the reduction of cytochrome c at 550 nm (5, 18) . The absorption was monitored after addition of decyl-ubiquinol for 1 min, and the reaction was initiated with ϳ2.5 g of protein. Activity was calculated by determining the difference in slopes of the linear portion of assays performed in the absence or presence of 2 M antimycin. Decyl-ubiquinol was prepared by reducing decyl-ubiquinone with sodium dithionite (58) . Citrate synthase was assayed at 25°C as described above (72) . Enzyme activities were calculated as nmol/min/mg of protein.
Lipid extraction, separation, and quantification. Brain lipids were extracted quantitatively from pulverized frozen brain with hexane-2-propanol (3:2, vol/vol) (28) and phospholipids, including cardiolipin, separated by thin-layer chromatography (TLC) on Whatman LK6 silica gel 60 plates using chloroform-methanol-acetic acid-water (55:37.5:3:2 by volume) (32) . Chromatographic analysis revealed no evidence for oxidation and breakdown of PUFAs during sample preparation. Cardiolipin and other phospholipids were quantified by lipid phosphorus analysis (62) .
Phospholipid FA composition was determined using a base-catalyzed transesterification, converting the phospholipid acyl chains to fatty acid methyl esters (FAME) (48) . FAME were separated using a trace gas chromatograph (Thermo Finnigan) equipped with an SP-2330 capillary column (0.32-mm inner diameter by 30-m length; Supelco) and quantified using flame ionization detection using an internal standard method. Detector response was linear within the sample concentration range for all FAs. Data were collected using an analog-to-digital interface and converted to peak area using ChromQuest (Thermo Finnigan).
Kinetic analysis. Surgery and [1-14 C]16:0 or [1-14 C]20:4 n-6 (Moravek Biochemical) infusion was performed on seven and five pairs of male mice, respectively, as described previously (47) . Briefly, fasted mice (25 to 30 g) were anesthetized with halothane (1 to 3%), and PE-10 catheters were inserted into the femoral artery and vein. Using an infusion pump (BS-8000; Braintree Scientific, Inc.), awake mice were infused with ϳ170 Ci/kg of body weight of [1- 14 C]16:0 or [1- 14 C]20:4 n-6, solubilized in 5 mM HEPES (pH 7.4) buffer containing 50 mg/ml "essentially FA-free" BSA (Sigma) into the femoral vein over 10 min at a constant rate of 30 l/min to achieve steady-state plasma radioactivity. Prior to and during infusion, arterial blood samples (ϳ20 l) were taken to determine plasma radioactivity. Following infusion, each mouse was sacrificed using pentobarbital (100 mg/kg, intravenously) and immediately subjected to head-focused microwave radiation (2.8 kW, 1.35 s; Cober Electronics Inc.). The whole brain was removed, frozen in liquid nitrogen, and pulverized under liquid nitrogen temperatures to homogeneity.
Lipids from tissue, plasma, and blood were extracted using a two-phase extraction procedure (24) . Radioactivity in the aqueous and organic fractions was determined by liquid scintillation counting using a Beckman LS5000 CE liquid scintillation counter. Extracts were concentrated with N 2 at 40°C and dissolved in n-hexane-2-propanol-water (56.7:37.8:5.5 by volume).
Cardiolipin was separated from brain phospholipids, and cardiolipin radioactivity was determined by liquid scintillation counting. Plasma neutral lipids were separated by TLC on heat-activated Whatman silica gel 60 plates (20 by 20 cm; 250 m) and developed in petroleum ether-diethyl ether-acetic acid (75:25:1.3 by volume) (40) . Radioactivity of the free FA fraction was determined by liquid VOL. 25, 2005 MITOCHONDRIAL ABNORMALITY IN MICE LACKING ␣-SYNUCLEIN 10191 scintillation counting. Unesterified plasma FA mass was determined by gasliquid chromatography after TLC separation and conversion to FAME using an acid-catalyzed esterification (2) . Acyl-CoA from brain was extracted and purified using a solid-phase extraction procedure and separated by high-performance liquid chromatography on a C 18 (2) column (Luna; Phenomenex) (26) . The eluent was monitored at 260 nm using a Beckman 166 UV/Vis detector. The 16:0-CoA mass was determined using a standard curve from commercially purchased standards (Sigma), and 17:0-CoA was the internal standard. The 16:0-CoA radioactivity was determined by liquid scintillation counting.
This study was performed under steady-state conditions, and calculations were performed as described elsewhere (25, (59) (60) (61) .
Fluorescence measurements. Synaptosomes and nonsynaptic mitochondria were isolated from a "crude mitochondrial fraction" from liquid N 2 -frozen mouse brain, utilizing a 5.4 to 10% (wt/wt) discontinuous Ficoll gradient, essentially as described previously (36) . Preparation purity and yield were confirmed by citrate synthase assay and Western analysis using antibodies against the 39-kDa subunit of complex I, core II protein (complex III), and cytochrome c oxidase subunit IV of complex IV. The crude mitochondrial fraction contained ϳ95% of the mitochondria present in whole mouse brain. Mitochondrial content in synaptosomes was similar to that of the crude mitochondrial fraction, while nonsynaptic mitochondria were three-to fourfold enriched over the crude mitochondrial fraction. Additionally, no protein composition differences were observed in synaptosomes, based on use of various mitochondrial and synaptic protein markers (7) (data not shown), or nonsynaptic mitochondria, using mitochondrial markers (data not shown), in Snca Ϫ/Ϫ mice compared to controls. All analyses were performed in at least triplicate on fractions isolated from three (crude mitochondrial fraction referred to as "crude brain lysate" in the text) or six (synaptosome and nonsynaptic mitochondria) pairs of mice. The repeated measurements on each individual sample from a single animal were averaged, and the means of these averaged measurements were compared between the two genotypes. Membrane fractions were suspended in buffer [60 mM KCl, 30 mM NaCl, 10 mM piperazine-N,NЈ-bis(2-ethanesulfonic acid) (pH 7.0)] at a phospholipid concentration of 0.1 mM, as determined previously (62). 1,6-Diphenyl-1,3,5-hexatriene (DPH; Molecular Probes) dissolved in THF was added to membrane suspensions at a phospholipid-to-DPH ratio of 300 to 1. Fluorescence lifetime and differential polarization measurements were performed at 37°C with a K2 multifrequency cross-correlation phase fluorometer (ISS) with excitation at 351 nm by an Innova 307 argon ion laser (Coherent) as described elsewhere (46) . Total fluorescence intensity decays were analyzed with the sum of two exponential decays, and the intensity-weighted average lifetime, , is reported. Fluorescence anisotropy decays were analyzed using the Brownian rotational diffusion model as reported previously (46) . In this model, DPH motion is characterized by D rot , the diffusion constant for rotation about the long axis of DPH. The orientational freedom of DPH was quantified using the relative free volume parameter ƒ v , calculated from the DPH angular distribution function, ƒ () (46) . Fluorescence anisotropy decays were also analyzed using an empirical sum-ofthree-exponentials model, and the weighted average correlation time, , is reported.
Real-time PCR. Genomic DNA was isolated from mouse brain by standard methods (45) . DNA from five mice per genotype was analyzed in triplicate by real-time PCR using the ABI Prism 7000 sequence detection system (Applied Biosystems) and the Invitrogen Platinum SYBR green kit (11733-046) according to the manufacturers' standard instructions. Primers specific for mitochondrial DNA (mtDNA) (cytochrome c oxidase subunit I) and nuclear DNA (H19) were utilized as published previously (9) . Dissociation curves were plotted for each primer pair, confirming a single amplification product. Additionally, relative efficiencies of both sets of primers, calculated according to standard guidelines (ABI Prism user bulletin 2), were determined to be equivalent (absolute value of Ͻ0.01). Results shown were determined by calculating the average ⌬Ct (mitochondria normalized to nuclear) for each mouse using mean Ct values obtained from triplicate amplifications, and the average change in normalized mtDNA content was calculated (2 ave. ⌬Ct ). The mean of this value was determined for each genotype and plotted as the percent mtDNA Ϯ the standard error of the mean in Snca Ϫ/Ϫ mice relative to controls (arbitrarily set to 100%).
BN-PAGE, 2D-BN/SDS-PAGE, and Western analysis.
Samples were prepared and separated by blue native-polyacrylamide gel electrophoresis (BN-PAGE) as described previously (33) , except mitochondria were purified from mouse brain using a "crude mitochondrial fraction" isolation procedure (36) . Briefly, the mitochondrial pellets that were frozen previously at Ϫ80°C were suspended in sample buffer (1 M aminocaproic acid, 50 mM bis-Tris-HCl, and Sigma protease cocktail [P8340]), and supernatant was obtained after dissolving membrane proteins in dodecylmaltoside (Sigma) as described elsewhere (33) . Protein was quantified using the BCA protein assay kit (Pierce) with BSA as a standard. Coomassie brilliant blue G-250 (Sigma) was added to the samples to a final concentration of 0.36%. Samples were separated by either BN-PAGE (7%) or two-dimensional (2D) BN/sodium dodecyl sulfate (SDS)-PAGE using 7 and 12% gels, respectively, and transferred to polyvinylidene difluoride (PVDF) membrane (performed by Kendrick Labs Inc.). Membranes were blocked in 5% nonfat milk-PBS-Tween (PBS-T) and immunoblotted using complex I (39, 30, 20 , and/or 17 kDa) or III (core II) mouse monoclonal antibodies (Molecular Probes), and protein was detected by enhanced chemiluminescence (Amersham). Laser densitometry was performed on multiple exposures of several experiments and analyzed using ImageQuant 5.2 software (Molecular Dynamics).
Statistical analyses. Significance testing of differences between means was performed using Student's t test as implemented in SSP. 
RESULTS
Steady-state brain lipid measurements. Lipids were isolated and quantified from brains of six age-and sex-matched pairs of WT and Snca Ϫ/Ϫ mice fed ad libitum a diet containing 5.5% total fat with 2.5% PUFA at an n-6 to n-3 ratio of 4:1. Total brain lipid membrane mass and the levels of all major classes of phospholipids (Table 1) were unchanged in Snca Ϫ/Ϫ mice compared to controls, with the notable exception of cardiolipin (Ptd 2 Gro), which was reduced 22% as measured by mass of phosphorus in cardiolipin. This 22% reduction in total cardiolipin mass represented a 28% reduction in the mole percentage of cardiolipin relative to total membrane lipids and correlated well with a 28% reduction in the fraction of total brain FA contained in cardiolipin in Snca Ϫ/Ϫ brain compared to controls (data not shown). The decrease in cardiolipin was not due to a reduction in brain mitochondrial content, since the amount of mtDNA relative to nuclear DNA, used as a surrogate measure of mitochondrial number, was not different between WT and Snca Ϫ/Ϫ brains (Fig. 1) . The steady-state mass of PtdGro, a precursor of cardiolipin, was reduced 23%, representing a 28% reduction in its mole percent relative to other membrane lipids. Although this reduction did not reach statistical significance due to measurement variability, likely reflecting the difficulty in measuring a low-abundance biosynthetic intermediate, lipids were isolated and quantified from a second cohort of mice maintained in a separate laboratory (E. J. Murphy). These data not only confirmed the significant reduction in cardiolipin content but also had a 25% reduction in PtdGro mass that did reach statistical significance (P ϭ 0.0334) without changes in other major phospholipids. We then analyzed the acyl side chain composition of cardiolipin and other phospholipids in Snca Ϫ/Ϫ mice. Phosphatidylethanolamine and phosphatidylinositol had statistically significant decreases in n-3 PUFA composition, while n-3 PUFA content of phosphatidylcholine and phosphatidylserine were also reduced but did not reach significance (summarized in Table 2 , with details published as supporting information in Table S1 in the supplemental material). Additionally, total MUFA content was reduced in phosphatidylcholine only. The reduction in phospholipid n-3 PUFA, specifically 22:6 n-3, is consistent with its reduced incorporation into several major phospholipids in cultured astrocytes isolated from Snca Ϫ/Ϫ mice (8) and in additional reports (68, 69) . We did not, however, observe similar changes in n-3 PUFA composition in cardiolipin. Instead, we observed a 25% reduction in the mole percentage of n-6 PUFA and a 51% increase of SFA side chains in cardiolipin in Snca Ϫ/Ϫ mice, while total n-3 PUFAs and MUFAs were unchanged. Changes in n-6 PUFAs were due primarily to reductions in several less abundant n-6 PUFAs in brain cardiolipin, such as osmondic (22:5 n-6), linoleic (18:2 n-6), and dihomo-␥-linoleic (20:3 n-6) acids, while the increase in SFA was due primarily to an increase in the most abundant SFA in cardiolipin, stearic acid (18:0), although palmitic acid (16:0) was also increased significantly. The reduction in steady-state n-6 PUFA in cardiolipin occurred despite the fact that mice were maintained on a typical mouse chow containing a high PUFA content. Thus, we conclude that ablation of ␣-synuclein has a distinct effect on the steady-state content and acyl side chain composition of brain cardiolipin compared to other phospholipids.
Uptake and turnover kinetics of FAs in brain cardiolipin. SFA and n-6 PUFA uptake and turnover kinetics into brain cardiolipin were then assessed in awake WT or Snca Ϫ/Ϫ mice infused intravenously with [1- 14 C]palmitic acid (16:0) or
The amount of mtDNA is not altered in Snca Ϫ/Ϫ mouse brain. Real-time PCR was performed in triplicate on DNA isolated from WT (n ϭ 5) and Snca Ϫ/Ϫ (n ϭ 5) mouse brains using primers specific for nuclear and mtDNA as outlined in Materials and Methods. Results shown are plotted as percent mtDNA Ϯ the standard error of the mean in Snca Ϫ/Ϫ relative to control (arbitrarily set to 100%). No significant difference was observed between the two genotypes (Student's t test). Table 3 ). The incorporation rate of 16:0-CoA and 20:4 n-6-CoA into brain cardiolipin from infused 16:0 and 20:4 n-6 was decreased 52% and 46%, respectively, while fractional turnover of 16:0 and 20:4 n-6 was diminished 52% and 44% in Snca Ϫ/Ϫ versus controls, consistent with 84% and 86% increases, respectively, in half-lives of the two FAs in cardiolipin. We conclude that loss of ␣-synuclein expression in brain is associated with a profound reduction in the incorporation of exogenously supplied SFA and n-6 PUFA as well as in their turnover in cardiolipin. This difference between the kinetic measurements, in which both SFA and n-6 PUFA incorporation into cardiolipin were reduced following FA infusion, and the steady-state levels of SFA and n-6 PUFA in cardiolipin, where SFA was increased markedly while n-6 PUFA was reduced, is consistent with the dominant role that de novo synthesis plays in providing SFAs to the brain, in contrast to the situation with PUFAs, which are essential dietary nutrients that cannot be synthesized endogenously and must be transported into the brain of rodents and other mammals from the bloodstream (reviewed in reference 74).
Lipid head group and acyl chain packing in mitochondrial and other membranes. Next, we examined Snca Ϫ/Ϫ mice for consequences of these lipid composition alterations on the structural properties of brain membranes, including those in mitochondria. Previous experiments performed using model membranes indicated that decreasing cardiolipin content results in an increased order of both the lipid head groups and acyl side chains of membranes, while decreasing the PUFA/ SFA ratio in the hydrophobic core of membranes results in increased order and thereby decreased fluidity of the acyl side chains only (43, 46) . Rather than using pyrene-labeled probes, which are limited to measuring lateral diffusion in membranes of a crude Snca Ϫ/Ϫ brain preparation (68), we used timeresolved DPH fluorescence lifetime measurements to determine whether changes in steady-state levels and acyl side chain composition of cardiolipin affect membrane acyl chain packing and dynamics as well as lipid head group order in brain fractions enriched for mitochondria. We examined the physical properties of three membrane fractions: a fraction enriched highly for nonsynaptic mitochondria, a synaptosomal membrane preparation rich in synaptic mitochondria, and a crude brain lysate (Table 4 ). The fraction most highly enriched for mitochondria, the nonsynaptic mitochondrial fraction, showed a 14% increase in fluorescent lifetime of DPH at 37°C in Snca Ϫ/Ϫ versus control mice, indicating that water is less able to penetrate this membrane and suggesting that the lipid head group packing is tighter in these Snca Ϫ/Ϫ mitochondrial membranes. There were also significant reductions in the relative free volume ( f v ), an acyl chain packing parameter, in all three membrane preparations from Snca Ϫ/Ϫ brains at 37°C, indicating that the equilibrium orientation of DPH is more con- strained and that acyl chains are more tightly packed throughout the hydrophobic core of the lipid bilayer. In addition to the increase in acyl chain packing in Snca Ϫ/Ϫ membrane, the rotational diffusion coefficient, D rot , derived from the Brownian rotational diffusion or P2-P4 model of DPH fluorescent probe behavior, was increased 78% and 43% in Snca Ϫ/Ϫ synaptosome and nonsynaptic mitochondrial membranes, respectively, indicating a more rapid rotation of DPH about its long axis. This increase was confirmed in both membranes by ϳ16% decreases in the rotational correlation time, , a model-independent but less sensitive characterization of generalized DPH rotation. So, although f v was reduced, indicating a significant decrease in inner membrane fluidity, DPH rotational movement about its axis was actually less constrained in both synaptosome and nonsynaptic mitochondrial membranes isolated from Snca Ϫ/Ϫ animals. Interestingly, this combination of decreased membrane fluidity and increased rotational motion has been observed in membranes with a reduced amount of n-6 PUFAs relative to n-3 PUFAs and SFAs (46) , precisely what was observed in cardiolipin from Snca Ϫ/Ϫ mice. Thus, significant increases of both lipid head group and acyl chain order were observed only in the most highly enriched mitochondrial fraction and the changes are consistent with abnormalities in steady-state content and acyl chain composition of the mitochondria-specific phospholipid, cardiolipin. Furthermore, these changes in the biophysical properties of membranes in the synaptosome and crude brain fractions, both of which are complex mixtures of many types of cellular membranes, indicate that mitochondrial membranes are not the only membranes altered in these mice and is consistent with steady-state and kinetic data that show abnormalities in FA composition, incorporation, and turnover of acyl side chains in phospholipids in addition to cardiolipin (25) ( Table 2 ). These data suggest that ␣-synuclein may function in the production and/or proper maintenance of brain membranes, including synaptic and mitochondrial membranes.
ETC function in Snca ؊/؊ mice. Because cardiolipin, a phospholipid specific to the inner mitochondrial membrane, is important for efficient oxidative phosphorylation (OxPhos) in yeast and mammals (51, 67), we next asked whether the lipid membrane abnormalities observed in Snca Ϫ/Ϫ mice have physiological consequences on mitochondrial function. Linked enzyme activity assays that require flow of reducing equivalents from NADH or FADH 2 in complexes I and II, respectively, to cytochrome c in complex III were performed on crude Snca Ϫ/Ϫ mouse brain lysates, prepared by a gentle freeze-thaw technique that allowed access of substrates to the inner mitochondrial membrane without disrupting the capacity of membranes to transfer electrons between the various complexes. The results are plotted as a percentage of WT control ( Fig. 2A) . Statistically significant 15% reductions of NADH oxidase and NADH cytochrome c reductase activities, two different but related linked assays specific for complex I to III, were observed; however, succinate cytochrome c reductase activity, a measure of complex II to III, was unchanged. Assays for citrate synthase or fumarase, Kreb cycle enzymes serving as mitochondrial matrix markers, were also unchanged (data not shown). Given the impairment of linked complex I/III activity, we per-
FIG. 2. Complex I/III activity is reduced in Snca
Ϫ/Ϫ mouse brain in the absence of complex II/III and individual complex activity impairment. Linked (A) and unlinked (B) enzyme assays representing various ETC complex activities were performed on mouse brain lysates as described in Materials and Methods. Relative enzymatic activities observed in Snca Ϫ/Ϫ mouse brain are plotted as a percentage of the WT control Ϯ the standard deviation. Each enzyme activity with the corresponding ETC complex(es) assayed is labeled. Significant differences were observed between the two genotypes (Student's t test), as indicated: ‫,ء‬ P Ͻ 0.02; ‫,ءء‬ P Ͻ 0.01.
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formed individual (unlinked) activity assays of complexes I, II, III, and IV (Fig. 2B) . Surprisingly, no difference in any individual enzyme activity, including complex I or III, was observed in Snca Ϫ/Ϫ mouse brain compared to control. Additionally, Western blot analysis of brain lysates from WT and Snca Ϫ/Ϫ mice separated by one-dimensional BN-PAGE, SDS-PAGE, and two-dimensional BN-PAGE/SDS-PAGE demonstrated no differences in expression or size of complex I or III, nor were any abnormalities in expression of particular subunits of complex I or III observed or in the amount or size of complex I or III subcomplexes (Fig. 3 and data not shown) . Thus, the reduction of linked complex I/III activity observed in Snca Ϫ/Ϫ brain ( Fig. 2A) is likely due to a direct effect of changes in mitochondrial lipid membrane composition and structure on the functional interaction between complex I and III and not to a reduction in number or functional integrity of mitochondria, an alteration of individual complex I or III assembly, or impairment of individual complex I or III activity.
DISCUSSION

Cardiolipin biosynthesis. The brains of Snca
Ϫ/Ϫ mice have reduced steady-state levels of both cardiolipin and its precursor, PtdGro, as well as decreased steady-state n-6 PUFA and increased SFA content of acyl chains in cardiolipin, without alterations in n-3 PUFA and MUFA composition. Reductions of cardiolipin and PtdGro were of similar relative magnitudes, but a further upstream precursor, phosphatidic acid, was unchanged. Decreased cardiolipin could be explained formally either by decreased synthesis or increased degradation. We believe that reduced synthesis and not increased degradation likely accounts for the decrease in cardiolipin content for two reasons. First, the level of PtdGro, an immediate precursor of cardiolipin, was decreased. Second, kinetic data demonstrate increased half-lives of both the n-6 PUFA and SFA acyl side chains of cardiolipin, suggesting that the cardiolipin backbone itself is unlikely to be undergoing increased degradation, although kinetic experiments measuring cardiolipin backbone synthesis and turnover directly are necessary to confirm this possibility.
The enzymes involved in cardiolipin biosynthesis, from the production of phosphatidic acid in the outer membrane to the final step, catalyzed by cardiolipin synthase within the inner membrane, are located in mitochondria. The rate-limiting step of cardiolipin biosynthesis is production of CDP-diacylglycerol, one of two substrates for cardiolipin synthase (reviewed in reference 67) within the inner mitochondrial membrane. This step is regulated by the specific activity of phosphatidate cytidylyl transferase and the availabilities of CTP and phosphatidic acid. Of the enzymes in this biosynthetic pathway, only cardiolipin synthase is localized exclusively to mitochondria. Thus, multiple pools of unknown relative size of the precursors of cardiolipin biosynthesis exist inside and outside of mitochondria in brain and contribute to our whole-brain phospholipid measurements. Although PtdGro can be synthesized in the inner mitochondrial membrane, it has been demonstrated that PtdGro from nonmitochondrial sources can contribute to cardiolipin biosynthesis. However, the relative contributions of mitochondrial versus nonmitochondrial sources of PtdGro to cardiolipin biosynthesis in brain mitochondria in vivo are unknown. Because ␣-synuclein is not localized to the inner mitochondrial membrane, it is doubtful that the primary abnormality in Snca Ϫ/Ϫ mouse brain is due to inhibition of the mitochondrial biosynthetic enzymes directly. Thus, we hypothesize that the mechanism for the reductions in steady-state cardiolipin and PtdGro are due to extramitochondrial substrate limitation, thereby reducing substrate availability for mitochondrial phospholipid biosynthesis. Interestingly, both phosphatidic acid and PtdGro are acidic phospholipids that can bind ␣-synuclein (16, 57) . Thus, it is conceivable that ␣-synuclein may have a role in targeting phosphatidic acid and/or PtdGro to mitochondria for subsequent cardiolipin biosynthesis.
PUFA uptake into brain. Both SFA and n-6 PUFA incorporation into cardiolipin were reduced following FA infusion, while steady-state measurements showed that SFA levels were increased markedly while n-6 PUFA was reduced. This difference between kinetic and steady-state measurements can be explained by our published data and that of others (25, 70) that indicate that while intravenously infused SFA can be taken up by the brain, endogenous synthesis appears far more important than dietary intake in supplying SFA to the brain under normal physiological conditions (22) . In contrast to SFAs, PUFAs cannot be synthesized endogenously and are supplied to the mammalian brain entirely by dietary intake. We hypothesize that the reduced incorporation of FA into cardiolipin is due to a direct effect of lack of ␣-synuclein on mitochondrial FA availability and that the observed reduction in FA turnover is a compensatory mechanism due to the reduced FA incorporation, possibly to maintain FA and/or cardiolipin levels.
Pathways by which essential PUFAs are taken up into the brain are characterized incompletely and may be different for different classes of PUFA. Brain n-6 PUFAs are derived from the diet either as preformed longer-chain PUFAs, such as arachidonic acid (20:4 n-6), or as shorter-chain PUFAs, such as linoleic acid (18:2 n-6), which must then be elongated to longer chain series. These n-6 PUFAs are transported in the blood in the form of free FA bound to albumin and are brought across the endothelium and blood brain barrier by monocarboxylic acid transporters or FA transport proteins. In contrast, the supply of n-3 PUFA as free FA in the bloodstream is probably inadequate to satisfy brain requirements and may be supplied in an esterified form, transported across the endothelium through lipoprotein-mediated receptor endocytosis, and then processed in the endothelium for transport into the brain (21, 71) . Additionally, simple diffusion may contribute to n-6 and n-3 PUFA uptake as well (56) . However, it is unlikely that ␣-synuclein affects monocarboxylic acid transporters or FA transport proteins directly, because they are plasma membrane-associated proteins while ␣-synuclein is a cytoplasmic protein that associates loosely with vesicles and not the plasma membrane (11) . In addition to mechanisms that affect PUFA uptake directly, there are many other intracellular processes that affect uptake indirectly either by direct effects on intracellular FA trafficking and/or on metabolism, including phospholipid biosynthesis and ␤-oxidation. For example, the function of FA binding proteins is to distribute FA to various intracellular compartments, thereby indirectly increasing FA uptake into the cell (73) . Although an initial report suggested that ␣-synuclein can bind MUFAs (69), we reported recently that ␣-synuclein cannot bind to SFA or MUFA based on the more sensitive and specific technique of titration microcalorimetry, indicating that the effect of loss of ␣-synuclein on SFA uptake kinetics is not likely due to it acting as an FA binding protein (25) . Acyl-CoA synthetases also increase FA uptake indirectly by esterification of free FAs, thereby creating the more-water-soluble acylCoAs, which are then available for cell metabolism (41) . Interestingly, several FA binding protein and acyl-CoA synthetase isoforms expressed in brain bind preferentially to PUFA relative to SFA (41, 73) , and thus changes in their activities due to loss of ␣-synuclein could result in altered PUFA relative to SFA metabolism and/or trafficking.
Dietary PUFA content affects phospholipid acyl chain composition, including that of cardiolipin, in rodents (3, 44) . In fact, brain mitochondria isolated from rodents fed an experimental diet for 6 weeks containing "low" n-6 and n-3 PUFA content (although still well within the normal dietary requirements), consisting of a 30 to 1 ratio of linoleic (18:2 n-6) and linolenic (18:3 n-3) acids, respectively, compared to a relatively "high" PUFA control diet consisting of ϳ3.5-fold more PUFA, demonstrated a 50% reduction in the amount of the n-6 PUFA linoleic acid in cardiolipin without changes in the two most abundant n-6 and n-3 PUFAs, arachidonic and cervonic (DHA) acids, respectively (20) . Rodents fed this experimental diet also had a variable increase in palmitic acid (16:0) in cardiolipin relative to animals on control diet. These data suggest that altering the amount of essential PUFA in the diet results in steady-state acyl chain composition changes in rodent brain cardiolipin similar to what we observe in mice lacking ␣-synuclein. Additionally, mitochondria isolated from rodents fed this experimental diet also demonstrated reduced linoleic acid composition, without changes in arachidonic and cervonic (DHA) acids, in the two most abundant mitochondrial phospholipids, phosphatidylcholine and phosphatidylethanolamine, indicative of the specific importance of dietary n-6 PUFA intake on the acyl chain composition of brain mitochondrial phospholipids. Thus, the increased abundance, relative to other tissues, and the critical functions of long-chain PUFAs in the brain (50) make it likely that the brain has special mechanisms for the uptake and metabolism of PUFAs. Therefore, the defect in the incorporation of exogenously supplied SFA and PUFA into brain cardiolipin, seen in Snca Ϫ/Ϫ mice (Fig. 3) , would be reflected in the n-6 PUFA steady-state content rather than the SFA content, since SFA can be synthesized endogenously.
Mechanisms for regulating acyl chain composition and steady-state cardiolipin content in mitochondria. Cardiolipin has a very unique acyl chain composition that is quite distinct from its immediate precursor, PtdGro. Although the acyl side chain composition of cardiolipin is determined initially by acyl chains present in its precursors, CDP-diacylglycerol and PtdGro, the steady-state acyl chain composition of cardiolipin is determined ultimately by ongoing mitochondrial membrane remodeling. This remodeling takes place either through acyl-specific deacylation/reacylation reactions involving phospholipase A2 and putative acyltransferases (as reviewed in reference 67) or by transacylation reactions, in which acyl groups are transferred directly from phospholipids to cardiolipin in the inner mitochondrial membrane (76) . The source of n-6 PUFAs for the transacylation reaction is thought to be inner mitochondrial phosphatidylcholine and phosphatidylethanolamine, which are very sensitive to dietary intake of n-6 PUFA (more so than n-3 PUFA) (20) . If transacylation is the predominant mechanism for cardiolipin remodeling in the brain and if phosphatidylcholine and phosphatidylethanolamine in the inner mitochondrial membrane are n-6 PUFA deficient, then this could help explain the n-6 PUFA deficiency in cardiolipin. The identity of brain-specific acyltransferases and/or transacylases with long-chain PUFA specificity necessary to account for cardiolipin's unique acyl-chain composition remains elusive.
Maintaining normal steady-state levels of cardiolipin may require that its side chains have the correct PUFA composition. This supposition comes, in part, from the study of patients with Barth syndrome, a rare X-linked disorder characterized by heart and skeletal muscle myopathies, growth retardation, neutropenia, and high morbidity and mortality but little CNS impairment (as reviewed in reference 4). Patients show severe reductions in steady-state cardiolipin and PtdGro resulting in a major defect in mitochondrial energy production in affected tissues. There are also abnormalities in the acyl chain composition of cardiolipin, with a marked deficiency of the n-6 PUFA linoleic acid, normally the major constituent of cardiolipin outside the CNS. Linoleic acid is the most abundant FA in cardiolipin from heart, kidney, and liver, constituting 60 to 80% of the acyl side chains in cardiolipin from these tissues, and is the second most abundant FA in skeletal muscle, constituting ϳ25% (reviewed in reference 75). In contrast to heart and skeletal muscle, linoleic acid is a minor constituent of brain cardiolipin, comprising only 4 to 10% of its acyl chains (75) (see Table S1 in the supplemental material), with the majority of acyl chains consisting of longer-chain PUFAs, possibly accounting for the lack of severe neurological impairment in Barth syndrome.
Barth syndrome is caused by mutations affecting an intramitochondrial protein, tafazzin, expressed most abundantly in heart, skeletal muscle, liver, and kidney, with far lower levels of expression in the brain (39) . Tafazzin has sequence homology VOL. 25, 2005 MITOCHONDRIAL ABNORMALITY IN MICE LACKING ␣-SYNUCLEINto the family of acyltransferases and is thought to be involved in remodeling acyl side chains of cardiolipin and possibly PtdGro directly with n-6 PUFA (4, 76). The reduction in PtdGro and cardiolipin in Barth syndrome occurs despite a normal capacity to synthesize PtdGro, as determined by studies in Barth syndrome fibroblasts. Thus, it was concluded that a failure to remodel cardiolipin with the n-6 PUFA linoleic acid in Barth syndrome results in an abnormal acyl chain composition, leading to reduced steady-state cardiolipin content due to reduced stability or increased degradation of cardiolipin with abnormal side chain composition. The reduced PtdGro level may be the result of either decreased stability (or increased degradation) due to abnormal acyl chain composition or could be due to a compensatory increase in cardiolipin synthase activity thereby decreasing the PtdGro pool. Although reduction in cardiolipin and in PUFA side chain content is observed both in Snca Ϫ/Ϫ mice and patients with Barth syndrome, the phenotype and mechanisms of the alterations are likely to be different. First, ␣-synuclein is not an intramitochondrial protein, and so a deficiency of this protein is likely to have an indirect effect on intramitochondrial cardiolipin content and acyl chain composition, while tafazzin is intramitochondrial and may be involved in cardiolipin remodeling directly. Thus, it is unlikely that reduced activity of an intramitochondrial acyltransferase or transacylase, responsible for remodeling brain cardiolipin with long-chain n-6 PUFAs, alters the acyl chain composition and thereby reduces the steady-state content of cardiolipin in Snca Ϫ/Ϫ mice, because the increased half-lives of both n-6 PUFA and SFA in brain cardiolipin in Snca Ϫ/Ϫ mice are not compatible with increased degradation of cardiolipin containing abnormal acyl side chains. Second, ␣-synuclein, unlike tafazzin, is expressed primarily in the CNS and not in liver or muscle, and so deficiency of ␣-synuclein in mice is expected to have an effect in the CNS and not be seen as a systemic illness.
Effect of cardiolipin content and membrane structure on complex I/III activity. We have shown that a reduction in the steady-state amount and n-6 PUFA composition of cardiolipin and subsequent mitochondrial membrane structural abnormalities caused by Snca ablation correlates with a significant and distinctive reduction in one component of ETC function, as measured by linked assays that require the transfer of electrons from complex I to III. Precedence for a direct effect of cardiolipin deficiency on coupling between otherwise normal complex I and III is found in studies of a CHO cell line carrying a temperature-sensitive mutation in PtdGro synthase (51) . At the nonpermissive temperature, biosynthesis of PtdGro is impaired and leads to reduced steady-state cardiolipin levels and complex I/III activity, but not of other ETC complexes. This reduction of complex I/III activity could be corrected completely by addition of a less lipophilic analog of endogenous ubiquinone, the electron acceptor for complexes I and II, indicating complex I was intrinsically normal. We observed a similar phenomenon, with reduced activity of complex I when the endogenous electron acceptors were present versus the normal activity of complex I when excess exogenous decylubiquinone was provided. The extent of complex I/III reduction (60%) relative to cardiolipin reduction (67%) in these cells was comparable to the 15 and 22% reductions observed in complex I/III and cardiolipin in Snca Ϫ/Ϫ brain. The ETC abnormality in Snca Ϫ/Ϫ mice is therefore similar, albeit less dramatic, than the abnormality observed in the severely cardiolipin-deficient CHO cells and suggests that the cardiolipin abnormality in Snca Ϫ/Ϫ brain is sufficient to account for reduced complex I/III activity. Alterations in cardiolipin content have been examined in hearts and livers, where it has been shown to also affect activities of non-ETC mitochondrial proteins, including many transporters (67) . We believe that the current study is the first to examine the effect of changes in cardiolipin on ETC function in mouse brain. Interestingly, a previous experiment compared mitochondrial phospholipid content between young and old rodents and concluded that cardiolipin content is reduced significantly during aging; however, mitochondrial enzymatic measurements were not performed (63). Thus, it is possible that additional mitochondrial enzymatic activities not measured in these experiments could be affected.
Abnormalities in lipid order of the inner mitochondrial membrane may reduce linked I/III activity without altering I or III activity individually by a number of mechanisms, such as impaired association of complex I and III into a supercomplex, restricted ubiquinone movement within the membrane, and decreased accessibility of ubiquinone to its site of reduction in complex I (29, 42, 54, 55) . Lenaz and coworkers (as reviewed in reference 37) have suggested that the concentration of ubiquinone available locally to complexes I and/or III in the membrane, and not ubiquinone movement between complex I and III per se, is rate limiting in complex I/III activity. They determined in kinetic experiments that the ubiquinone concentration in heart mitochondrial membrane is sufficient for only half-maximal I/III activity, while less than 20% of the normal ubiquinone concentration is necessary to achieve full II/III activity (23) , indicating that subtle changes in the local concentration of ubiquinone can affect I/III activity significantly without affecting II/III activity. Formation of I/III and I/III/IV supercomplexes in heart mitochondria has also been proposed to be rate limiting for I/III activity based on the observation that experimental conditions that eliminate supercomplex formation also eliminate I/III activity but not individual I and III activity (65) . Interestingly, in the yeast Saccharomyces cerevisiae, which lacks a complex similar to mammalian complex I, cardiolipin associates with and stabilizes complex III/IV supercomplexes, demonstrating that cardiolipin has a role in supercomplex stability and function (53, 67, 78) .
How significant is the observed complex I/III activity impairment in Snca ؊/؊ brain? OxPhos accounts for ϳ90% of brain ATP (27) , and complex I is the major control point for OxPhos in synaptic mitochondria (15) . Synaptic mitochondria have a reduced complex I threshold compared to nonsynaptic mitochondria, so that only a 25% reduction in complex I activity was shown in vitro to be sufficient in synaptic mitochondria to diminish ATP production significantly, while a 60% reduction of complex I activity was necessary for significant impairment of ATP production in nonsynaptic mitochondria (14) . The increased sensitivity of synaptic mitochondria to reduced complex I function is interesting given the synaptic localization of ␣-synuclein and the pronounced synaptic membrane structural abnormalities observed in Snca Ϫ/Ϫ mice. Despite the increased sensitivity of synaptic mitochondria to complex I inhibition and the potential for synaptic energy deficiencies developing during times of high metabolic activity,
Snca
Ϫ/Ϫ mice lack an overt neurological phenotype. A 50% reduction of reserve pool synaptic vesicles associated with impairment of synaptic response to prolonged repetitive stimulation was observed in hippocampal synapses from Snca Ϫ/Ϫ mice (7), although others have reported little or no change in synaptic function (1, 10) . Whether discrepancies in these studies are due to mouse strain-specific genetic background differences or to variable levels of dietary PUFA fed to Snca Ϫ/Ϫ mice, thereby leading to inconsistencies in maintenance of cardiolipin content and acyl chain composition required to produce consistent neurological impairment, will be the subject of future investigation.
We recognize that the 15% reduction of complex I/III activity observed in Snca Ϫ/Ϫ mice, although significant, is modest. However, the change observed represents an average of complex I/III dysfunction over the entire brain, and it is likely that alterations in mitochondrial membrane composition and structure, energy production, and the extent of reactive oxygen species generation (thought to be produced by complex I and possibly complex III, with production enhanced during conditions of reduced OxPhos efficiency [38] ) in some brain regions, cell types, and/or cellular subcompartments are more or less severely impacted. Thus, identification and characterization of subpopulations of more defective mitochondria will also be the subject of future investigation.
Could the observed mitochondrial membrane abnormalities in Snca ؊/؊ brain help expand our understanding of PD pathogenesis? Elucidating the normal function(s) of ␣-synuclein, in part through an analysis of Snca Ϫ/Ϫ mice, is important for furthering our understanding of PD pathogenesis. Complex I defects are thought to be a critical factor in PD, because exposure to complex I inhibitors, such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and rotenone, result in dopaminergic cell death and parkinsonism (17) , and 30% and 39% reductions in complex I and I/III activities, without reduction in II/III activity, have been reported in the substantia nigra of PD patient brains (66) . Interestingly, Dauer and coworkers showed that Snca Ϫ/Ϫ mice and neuronal cultures isolated from these mice were more resistant to toxic affects of the complex I inhibitor, MPTP, than WT mice (13) . Although this observation might, at first, be interpreted to argue against there being a physiologically significant reduction in complex I/III function in Snca Ϫ/Ϫ mice, the mechanism for resistance is in fact unknown and could be a reflection of altered intraneuronal transport or availability of 1-methyl-4-phenylpyridinium, the toxic metabolite of MPTP, to mitochondria rather than a change in ETC function. This possibility gains some support from the observation that dopaminergic neurons in primary ventral midbrain cultures isolated from Snca Ϫ/Ϫ mice actually appear more sensitive than control cultures to complex I inhibition by lipophilic rotenone (13) , which inhibits the complete reduction of ubiquinone within complex I. This increased rotenone sensitivity could indicate that complex I/III is not only impaired in whole Snca Ϫ/Ϫ brain ( Fig. 2A) , but also in midbrain dopaminergic neurons, the very neuronal cell-type most affected in PD.
Although ␣-synuclein aggregate formation, as observed with oxidative and nitrative modifications, mutations, or overexpression of ␣-synuclein, is thought to be toxic to neurons directly (17), we can speculate that ␣-synuclein containing aggregates may also decrease its functional concentration and alter its intracellular localization. This could lead to aberrant lipid metabolism, progressive mitochondrial membrane abnormalities, and decreased I/III activity, thereby contributing to PD pathogenesis. Of interest, we have shown that a line of transgenic mice overexpressing ␣-synuclein in the spinal cord develop a synucleinopathy only when the transgene is crossed onto a Snca Ϫ/Ϫ background, suggesting that deficiency of endogenous ␣-synuclein contributes to the development of a severe neurological phenotype (6) . Furthermore, these data also raise the interesting possibility that low dietary intake of essential PUFAs could be a contributory factor in PD, as has been suggested in a population-based association study (19) . Discovery of a relationship between ␣-synuclein and mitochondrial complex I/III function in brain through its effect on the lipid composition, essential FA content, and structure of mitochondrial membranes may serve as a critical link between genetic and environmental factors in PD pathogenesis.
